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Black Carbon Mixing State

• Encapsulation can lead to significant increase in positive forcing  

• Uncertainty regarding the contribution of soot to aerosol radiative forcing is unacceptably 
large
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with best agreement for the small and the large dia-
meters. The homogeneous sphere represents the ex-
tinction of the LACE 13% particle rather well for
diameters below 0:8 μmaswell as for diameters above
1:5 μm. In the size region around 1:0 μm, the Mie
results underestimate the particle extinction by
approximately 14%.

The results for the scattering efficiency are shown
in Figs. 5(c) and 5(d). It can be seen that the homo-
geneous sphere results are in good agreement for dia-
meters below 1:3 μm for the LACE 6% particle [see
Fig. 5(c)], while for larger diameters the Mie results
underestimate Qsca by up to 24%. It is interesting to
note that for diameters above 1:0 μm, the soot-shell

Fig. 3. (Color online) TEM bright-field images of mixed sulfate and soot particles. The bold arrowsmark the particle surface, and the thin
arrows mark the soot inclusions. (a), (b) Soot inclusions are located close to the surface [(a) LACE 6%—target with 6% volume soot].
(c), (d) Soot inclusions are located in a disk close to the particle center, the so-called sandwich structure [(c) LACE 13%—target with
13% volume soot].

Fig. 4. Cross section of simulated targets. The dark dots repre-
sent the soot inclusions in the sulfate matrix.
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Particle mixing state greatly influences the radiative forcing contribution by BC



Black Carbon Mixing State

Being able to probe the BC mixing state will provide useful data towards:

• Providing context for aerosol light absorption measurements (e.g., coating vs BrC)

• Providing particle-resolved data on BC mixing state evolution for comparison with models

• Probing the influence of mixing state (aging) on microphysical properties (e.g., CCN 
activity)

The single particle soot photometer (SP2) can probe the BC mixing state



Scattering
(particle diameter: ∼175 nm - 325 nm)

Incandescence
(BC diameter: ∼60 — 600 nm )

Mixing state probe:  
‣ Examine temporal profiles of the scattering and incandescence signals
‣ Probe coating thickness: optical (scattering) and BC mass equivalent 

(incandescence) diameters

Incident Laser

Probing BC Mixing State
Schwartz et al., 2006; Moteki & Kondo, 2007, Subramanian et al., 2010

• Particle-by-particle instrument (number conc; mass conc; dN/dNlogDp; dM/dlogDp)

• High specificity towards ‘refractory’ black carbon (rBC)



silicon (all supplied by Alpha Aesar, Inc., Ward Hill,
Massachusetts). Aerosolized organic materials tested in-
cluded tocopherol, olive oil, sucrose, and humis (tea). Eight
different BCA types were also tested: Aquadag (Aecheson
Colloids Company, Port Huron, Michigan), activated car-
bon, microcrystalline graphite, fullerene soot, glassy carbon,
colloidal graphite (all supplied by Alpha Aesar, Inc., Ward
Hill, Massachusetts), glassy carbon (Tokai Carbon Co.,
LTD., Japan), and flame-generated soot [Slowik et al.,
2004].
[8] In our laboratory tests few materials (including tung-

sten, aluminum, silicon, chromium, and niobium) other than

BCA incandesced, and no nonincandescing aerosol showed
any evidence of vaporizing in the laser beam. Figure 3
shows the characteristic boiling point temperatures for some
of the incandescing materials, as measured by the SP2 in the
laboratory. The range that we associate with BCA, !3700–
4300 K based on this figure, does not overlap significantly
with the peak temperature of any other material that we
tested. This range is also consistent with the wide range of
temperatures for black carbon existent in the literature. Our
laboratory tests suggest that the SP2 is strongly selective of
BCA in an atmospheric air sample. The range of boiling
point temperatures for the BCA samples is evidence that
more than carbon composition affects the SP2 response. It is
easy to speculate that crystal or amorphous structure, or
impurities play some role in measured BCA temperatures.
With further study it may be possible to discriminate
between different sources of ambient BCA using systematic
differences in boiling point temperature.
[9] Our translation of the broadband/narrowband re-

sponse ratio into temperature assumes wavelength-indepen-
dent emissivity for incandescing particles in the SP2. To test
this assumption we measured the thermal radiation spectra
of BCA, silicon, and chromium aerosols using a spectrom-
eter linked by a fiber-optic to an SP2 detector location. The
spectra were averaged over many thousands of individual
particles to achieve useful signal-to-noise ratios. These
measurements produced three interesting results. First, it
showed that deviations from ideal blackbody radiation over
370 to 750 nm for all three incandescing materials are small.
This suggests that simple models of blackbody radiation
may be used to scale the incandescence signal calibration
(section 2.2.2) to different materials. Second, the absolute
boiling point temperatures derived from the spectroscopic
analysis were in reasonable (±300 K) agreement with those
generated by our simple model. Third, for the BCA sam-
ples, the C2 (0,0) Swan band line at 516.5 nm was observed
(indicating the presence of C2 [Harilal et al., 1997]),
thereby confirming the possibility of using the SP2 for
unambiguous identification of BC composition.
2.1.3. Detection of BCA Mixing State
[10] Features of particle scattering and incandescence

signals from laboratory and atmospheric BCA have been
analyzed for information about the mixing state of BCA. At
present we make no attempt to differentiate coatings from
other types of internal mixing, and our analysis is restricted
to a qualitative assessment of the mixing state based on two
parameters. The first is the time delay between the occur-
rence of the peak scattering signal and the peak incandes-
cence signal. This delay is interpreted as an approximate
measure of the time required to vaporize the coating, and we
refer to it as the ‘‘coating vaporization time.’’ Until the
coating is vaporized (except for very thick coatings), the BC
core is prevented from reaching its boiling point tempera-
ture by heat transfer to the coating. The second parameter is
the ratio of the peak scattered light intensity to the peak
broadband incandescent intensity (arbitrarily scaled). For an
uncoated BC core this ‘‘peak ratio’’ is dependent on particle
size, which determines the relative intensities of scattered
and thermally emitted light. The presence of a coating on
the core can only lead to increases in the ratio. Thus

Figure 3. Normalized probabilities of boiling point
temperatures as measured by the SP2 for aerosol popula-
tions observed in the laboratory and in the atmosphere
during the two WB-57F flights. The curves are normalized
by the peak occurrence for each data set. Individual
laboratory data sets are shown for silicon, chromium, and
niobium particles. Seven data sets are shown for commer-
cial BC samples (red lines) (see text for details). Glassy
carbon (solid red) is used as a reference material for testing
the relative gains of the two incandescence channels. Data
for ambient particles are divided into three groups on the
basis of sampling altitude. The range and peak probability
temperatures of the ambient particle groups are similar to
those of the laboratory BC samples, indicating that all
ambient incandescing particles contain BC. The large
widths of the ambient particle distributions result from
low signal-to-noise ratio for most of the ambient particles
detected.
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Physics behind the SP2: Incandescence Temperatures

Schwarz et al., 2006
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Incandescence unique to material 

Intensity of signal ∝ amount of material

Careful choice of ‘narrowband’ and 
‘broadband’ filter provides high selectivity 
towards BC



• Particle-by-particle instrument

Single Particle Soot Photometer: The Instrument

Schematic Schwarz et al., 2010
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FIG. 1. Schematic of the flame-generated soot generation and detection scheme with the filter sampler, single particle soot photometer (SP2), scanning mobility
particle sizer (SMPS), condensation particle counter (CPC), Couette centrifugal particle mass analyzer (CPMA), and differential mobility analyzer (DMA).

2. SP2 INSTRUMENT AND PROCEDURES

2.1. Single Particle Soot Photometer (SP2) Apparatus
The SP2 consists of an intense intra-cavity laser, a flow con-

trol system to confine sample aerosol to the center 1/4 of the laser
beam, four optical detectors focused on the intersection of the
sample aerosol with the laser beam, and electronic resources
necessary to store the response of the detectors to individual
particles crossing the laser beam (Figure 2).

A solid-state pump laser (808 nm, Unique-Mode AG, Jena,
Germany) is fiber-optically coupled to a Nd:YAG crystal that
is coated on one side with a reflective coating at 1064 nm.
The coating defines one side of the laser cavity, while a high-
reflectivity mirror defines the other side. The laser is tuned such
that it is in a TEM 0,0 mode, i.e., with a Gaussian intensity

Nd:YAG crystal
lasing at 1064nmHigh reflectivity

mirror

Pump
diode
laser

Sample
aerosol

Optical
 filters

PMT-Photo
detectors

Scattered
light - APD
detector

    Blue
    light

    Red
    light

2-element
 detector

Cavity-
leakage
detector

Exhaust

FIG. 2. Schematic of the Single Particle Soot Photometer (SP2) following
Schwarz et al. (2006). The sample aerosol is confined with filtered sheath flow
to the center 1/4 of the laser beam, and then drawn out of the laser cavity through
the exhaust line. Although drawn in the page for simplicity, the sample line and
exhaust lines extend perpendicular to the detection axes (i.e., vertically into and
out of the page).

profile. A pinhole aperture (I.D. 2.3 mm) is placed in the cavity
to constrain the spatial mode of the laser and reduce pump light
leakage into the cavity. Some laser radiation (at 1064 nm) leaks
through the mirror. This light is filtered to remove contributions
from the pump laser and detected with a “leakage” photodetec-
tor, providing a convenient relative measure of laser intensity.
Since the amount of leakage depends on the (unknown) quality
of the mirror, the photodetector signal cannot be used to de-
rive an absolute measure of the laser intensity within the cavity.
With independent calibration, however, the signal can be used
as a relative measure of intensity (as in Section 2.3). Note that
although the laser cavity is defined by high-reflectivity mirrors,
the cavity finesse, Q, is limited by the Nd:YAG crystal itself to
a low value (on order ∼100). Thus the laser beam is expected to
be insensitive to the small perturbation caused by the presence
of a small particle in its path. This insensitivity has been con-
firmed through inspection of the leakage light when particles
traversed the laser.

Sample aerosol is continuously introduced to the laser cavity
through a capillary (typically 0.43 mm ID). The input aerosol
stream is confined to the center ∼ 1/4 of the laser (which has a
∼1.1 mm 95% intensity width), so individual particles travers-
ing the beam experience peak intensities of ∼70–100% of the
intensity at its center. The measurement of the width of the
aerosol jet was made with PSL particles in the diameter range of
200–600 nm. It is possible that diffusion may increase the width
of the jet for small particles ("200 nm), thereby reducing the
efficiency of their detection by the SP2. Here this mechanism
is not addressed. The aerosol interacts with the laser at a pres-
sure that is typically within 20 hPa of ambient (i.e., sea-level
pressure, 1013 hPa) in this study.

The aerosol flow into the SP2 is measured with a laminar
flow element; the pressure difference across the element is pro-
portional to the volume flow through the element. The laminar
flow element was calibrated several times over the course of
the intercomparison with a Gilian flow standard (Gilibrator 2,
Sensidyne, Clearwater, FL, USA). In general, the sample flow
remained constant as long as the upstream plenum pressure was
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Black Carbon Mixing State: Lagtime

∆τ = τincandescence - τscattering = time to ‘boil off’ coating

Moteki and Kondo, 2007; Subramanian et al., 2010

Thin coating  ≡         ≈ 0 Thick coating ≡        ≠ 0 ∆τ ∆τ
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June 28, 2010 -- Evolution of rBC mixing-state

• Bimodal distribution in the morning (aged and 
nascent soot)

• Loss of small diameter, thickly coated BC
• Increase in larger diameter, thickly coated BC
• Appearance of 120 nm diameter BC with 

coating thickness ∼55 nm in PM
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Fig. 3. The mixing state of BC can be determined using the separation between the incandescent and scattering peaks, or incandescent lag.
An incandescent lag close to zero (top left) indicates thinly-coated BC, while larger values (∼4µs, top right) indicate thickly-coated BC. A
comparison of the incandescent lag with coating thicknesses based on the scattering signal (bottom) shows a reasonably positive correlation
between the two quantities. Data from the 18 March 2006 flight.

organic matter, discussed later). Both datasets are available
as part of the MILAGRO data archives (http://www-air.larc.
nasa.gov/cgi-bin/arcstat-b).

3 Determining plume age

Based on the modeling predictions used to determine the
flight path during the field campaign (Fast et al., 2007), fresh
Mexico City emissions and a 1-day-old air mass sampled
on 18 March were measured again on 19 March as 1-day-
old and 2-day-old air masses respectively (Fig. 1). Sim-
ilarly, fresh outflow and 1-day-old emissions sampled on
22 March were measured a day later on 23 March. HYS-
PLIT trajectories (Draxler and Rolph, 2003; Rolph, 2003),

CMET balloon tracks, and WRF modeling to determine the
source and age of each plume sampled outside of the Mex-
ico City metropolitan area are discussed below to validate
the during-campaign forecasts. CMET balloons are small
(750 g) altitude-controlled balloons that are commanded via
satellite link and can remain airborne for multiple days (Voss
et al., 2005; Riddle et al., 2006). (From this point on, this sec-
tion uses quotation marks to identify each non-Mexico City
plume until its age is validated, with CMET or WRF data).
Figure 4 shows the 18 and 19 March flight paths shown

in Fig. 1, but overlaid with 24-h HYSPLIT forward and
backward trajectories for each plume (computed using the
REANALYSIS meteorological dataset). It also includes the
CMET balloon tracks for 18 and 19 March. Figure 6 shows
the HYSPLIT trajectories for the 22 and 23 March plumes.

Atmos. Chem. Phys., 10, 219–237, 2010 www.atmos-chem-phys.net/10/219/2010/

Subramanian et al., 2010



Reconstructed dMcoated-core/dlogDp 

Key measurement (AM ➛ PM):
120 nm BC core grow to Dp = 230 nm

Condensation Model:
• Condensable supplied until 120 nm core is 

coated to 230 nm

• Fuchs (Knudsen) correction

Apply simplified condensation model to uncoated BC distribution to reconstruct 
coated-core distribution

Reconstructed distribution enables 
estimate of coating mass & rBC mass

• ρorg = 1.4 g/cc (organic; AMS)  

• ρrBC =1.8 g/cc (BC)

Int’l mixing state of BC: 
Mcoating/MrBC ∼3   
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Measuring Growth of Coating 
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BC Coating Time Series

Aerosol Lifecycle-IOP: August 2, 2011
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Evolution of Black Carbon Mixing State

In contrast to morning plume, coating 
thickness for the afternoon plume is 
observed to increase.

• Local growth or advection?
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Two approaches:
Leading Edge Optimization: LEO (Gao et al., 2007)
Normalized Derivative Method: NDM (Moteki & Kondo, 2008)

However, as a BC particle travels through the laser beam, light absorption results 
in particle heating, which, in turn, causes loss of coating material

Issue: How can we get a better estimate the nascent particle diameter?  

Tactful assumption: the amplitude of the scattering signal reflected the nascent 
‘diameter’ of the particle.

Time-Dependent Scattering Cross-Sections



Basis for both Approaches

• For particles < 1 μm, the scattering cross-section (for a given RI) is single-valued

• The scattering signal will reflect the Gaussian lineshape of the SP2 laser

• Gaussian amplitude can be related to a scattering x-section

Central proposition: with β, τ, and σ known, fit ‘leading edge” of scattering signal to 
determine Gaussian amplitude. 

β + Amp× e((t−τ)2/σ2)



Examples

Leading Edge Optimization (LEO)
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Storm Peak Lab SP2
2010-12-07
Optical detection window: 175 − 350 nm

Leading Edge Optimization (LEO)
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LEO-less analysis
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LEO-based Analysis
LEO method detects the presence of 
smaller, more thickly coated particles 
that would otherwise be missed



Time-Dependent Scattering Cross-Sections

Examples 
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Storm Peak Lab SP2
2011-01-29
Optical detection window: 175 − 350 nm

Normalized Derivative Method

ND method detects the presence of smaller, 
more thickly coated particles that would 
otherwise be missed
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Advantages/Disadvantages

Over the next few months a more quantitative assessment will be made.  But even now, 
a comparison of the advantages/disadvantages is still instructive

Item of interest LEO NDM

CPU requirements, robustness of approach* + --

Optics (e.g., alignment) -/+ +

Fixed σ  + (-) +

Science (loss of SD channel would enable incorporation 
of add’l scat detector OR the addition of a dust channel) - +

*to be evaluated more completely in coming months



Summary

SP2 provides useful information on BC mixing state & the evolution of that mixing 
state

• Simplified condensation model can be used to reconstruct coated-core 
distribution

June 28, 2010 (CARES) estimate Mcoating/MrBC ∼ 3

• Evolution of coating thickness 
August 2, 2011 (ALC-IOP) estimate coating growth rate: 7 nm/hr

• Work is currently underway to address time-dependent scattering cross-section

 


